The IlCOz method for measuring local brain pH with positron emission tomography (PET) has been experimentally evaluated, testing the adequacy of the ki netic model and the ability of the method to measure changes in brain pH. Plasma and tissue time/activity curves measured during and following continuous inhala tion of IlCOz were fit with a kinetic model that includes effects of tissue pH, blood flow, and fixation of COz into compounds other than dissolved gas and bicarbonate ions. For each of ten dogs, brain pH was measured with PET at two values of Pacoz (range 21-6 7 mm Hg). The kinetic model fit the data well during both inhalation and
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tion. Two agents have been proposed and used with positron emission tomography (PET) to measure local brain pH in humans: IlC02 (Raichle et aI., 1979; Buxton et aI. , 1984 Buxton et aI. , , 1985 Brooks et aI., 1984 Brooks et aI., , 1986 and [IIC] dimethyloxazolidinedione ([IlC]DMO) (Lockwood et aI. , 1981; Syrota et aI., 1983 Syrota et aI., , 1985 Kearfott et aI. , 1983; Rottenberg et aI., 1983 Rottenberg et aI., , 1985 . Both of these agents are extensions of earlier methods for measuring the pH of tissue samples (Roos and Boron, 1981) . Raichle et aI. (1979) first suggested that the dis tribution of "C02 measured with PET could be used to determine local brain pH. This agent is more easily produced than ["C]DMO and diffuses much more readily into the tissue. However, sev eral objections were raised initially against the use of IlC02, including the variable effects of CO2 fixa tion in brain tissue (Lockwood and Finn, 1982) , the assumed need to estimate local tissue Pco2, and the fact that an equilibrium distribution is never at tained because of respiratory clearance of the tracer. To address these problems, a kinetic model was proposed for the distribution of IlC02 that in cluded the effects of fixation, blood flow, and pH. Based on this model, a dynamic measurement method that minimizes the effects of fixation was developed (Buxton et al. , 1984) . The method does not assume an equilibrium distribution of tracer, and it is not necessary to estimate the local tissue Pco2 • Initial results in normal subjects and tumor patients have been reported by the group at Ham mersmith Hospital (Brooks et al., 1984 (Brooks et al., , 1986 . However, to date no systematic experimental tests of the ability of the method to measure changes in brain pH have been reported.
Presented in this paper is an evaluation of the lIeo2 method addressing the following questions: (a) Does the kinetic model adequately describe in vivo data? (b) Do the normal measured pH values agree with data in the literature? (c) Do measured changes in pH with changes in Pac02 agree with data in the literature? (d) In pathological states, how might the quantitative accuracy of the method be impaired?
KINETIC MODEL
The kinetic model has been described previously (Buxton et a!., 1984 (Buxton et a!., , 1985 . A brief review of the model is given here, accompanied by a more extended discussion of several points that were not made clear in the earlier articles. In particular, clarification of the relationship be tween tissue pH measured with PET and extra-and in tracellular pH measured with other methods is presented to enable comparison of the quantitative results of the present experiments with other data in the literature. The model is based on the fact that the capillary endothelium is much more permeable to neutral molecules than to ions, a fact that has led to the development of many tech niques for measuring pH with weak acids and bases (Roos and Boron, 1981) . In the blood and in the tissue, COz combines with water to produce bicarbonate ions (HC03 -) with the equilibrium balance between COz (dis solved gas), HC03 -, and H+ given by the Henderson Hasselba1ch equation
where pK' is the apparent ionization constant and is equal to 6.12 (Siesj6, 1962a) . The effect of pH on the distribution of llC can be seen by considering a simple one-compartment tissue, with no metabolic fixation, in contact with blood. If lICOz is added to the blood and allowed to equilibrate with the tissue, the partial pressure of lICOz (PlICOZ) will be equal in blood and tissue because of diffusion equilibrium. However, because HllC03 -cannot diffuse from blood to tissue, the equilibrium concentrations of HlIC03 -in blood and tissue will be determined separately by the local balance between HlIC03 -and lIC02, which de pends only on the pH values in blood plasma and tissue. If dissolved gas and bicarbonate ions are the only chem ical forms of the lIC, then the total lIC concentration in the tissue is J Cereb Blood Flow Metabol, Vol. 7, No.6, 1987 The equilibrium ratio of total activity concentration in the tissue to total activity concentration in the blood plasma will then be S 1 + lO( p Ht-p K') L = � ----:--"'"
where pH, is the pH of the tissue compartment, pH p is the plasma pH, and S, and S p are the COz solubilities in tissue and plasma fluids, respectively. The available evi dence indicates that S, and S p are essentially equal (Siesj6, 1962b; Severinghaus, 1965) , and in the rest of this analysis, their ratio will be set to one.
Effective tissue pH
For tomographic measurements, a resolution element can be considered to be composed of n compartments representing different volumes of tissue (e.g., extracel lular fluid, cytoplasm, mitochondria, etc.) with free diffu sion of COz between compartments and at least one com partment in contact with plasma. The volume fraction of the ith compartment (mllml of tissue) is designated Vj, and the pH is designated pHj. Because the total volume of distribution of CO2 is essentially the water volume of distribution Vd,
When lICOz is introduced into this system and allowed to equilibrate with all the tissue compartments, the total lIC concentration in compartment i will be [llC]j = [IICOzMI + lO(pHi-pK') (5) and the observed tissue/plasma partition coefficient is then (6) An effective pH, can be defined by equating Eqs. 3 and 6 and solving for pH,:
The effective pH, is thus the pH calculated from the measured tissue/plasma partition coefficient L with Eq. 3 and would be the true pH if the tissue was a single com partment filling a resolution element of the tomograph. An alternative approach (Syrota et a!., 1983; Buxton et a!., 1985) to defining a pH, is to relate L to the average pH that is usually measured with a weak acid (Roos and Boron, 1981) :
The water Vd can be factored out of Eq. 6 by intro ducing compartmental water volume fractions Xj = V/Vd, where Xj is the volume fraction of the total water space in each compartment. Then, because the Xj sum to one, L can be written in terms of Vd and pHav as:
The source of the difference between pHav (Eq. 8) and the effective pH defined by Eq. 7 for PET measurements is that the volume averaged is defined tomographically in a PET measurement, rather than by the actual water volume; Eq. 7 reduces to Eq. 8 when Vd = 1. The effec tive pH given by Eq. 7 is a more convenient definition of tissue pH for PET measurements when the local value of Vd is not known, and it is this effective pHt that Brooks et al. (1984 Brooks et al. ( , 1986 reported. However, it should be empha sized that this is neither intra-nor extracellular pH but rather an average of all the compartments. Conceivably, the effective pHt could change because of a change in the compartmental volumes without a change in the pH of any of the compartments. In practice, pHt is dominated by two compartments: extracellular fluid with a pH of �7.4, and intracellular cytoplasm with a normal pH of �7.05 (Siesjo et aI., 1972; Roos and Boron, 1981) .
Compartmental model
The equilibrium distribution of IlC02 is thus closely re lated to the pHt. However, L cannot be measured directly with an equilibrium measurement because of fixation of IlC02 into other chemical forms in the brain tissue (Siesjo and Thompson, 1965; Lockwood and Finn, 1982) and be cause loss of activity through respiration prevents equi librium from occurring. To account for these difficulties, a compartmental model that relates the time-dependent tissue concentration of IlC following administration of IlC02 to the local values of L, blood flow, and the rate of fixation of IlC02 was proposed (Buxton et aI., 1984) . The model is based on the following assumptions:
(a) CO2 transport across the blood-brain barrier (BBB) is by diffusion only.
(b) There is no transport of HC03 -across the BBB.
(c) The rate of transport of CO2 across the BBB is much slower than both the transport rate from the extra to intracellular volumes and the rate of chemical reaction between CO2 and water.
(d) pK' is constant and uniform throughout the brain. (e) Capillary pH does not differ from arterial pH. The first four assumptions were discussed in detail in an earlier article (Buxton et aI., 1984) . The fifth assump tion was implicit in the model but was not stated; for this reason, this last assumption will be considered in detail in the Discussion section.
With these assumptions, the tissue can be modeled as two compartments distinguished by the chemical form of the IlC (Fig. 1 ). The first compartment represents IlC02 and HIlC03 -, and the second compartment represents IlC in any other (fixed) chemical form. The assumption of rapid equilibration between IlC02 and HIlC03 -allows us to treat these two forms as one compartment. The com partments are connected by first order rate constants, and these constants determine the kinetics of the IlC02. The first two assumptions imply that the equilibrium par titioning of the tracer between the first tissue compart ment and the plasma will be described by Eq. 3, so L = kllk2. The tissue concentration Cit) can then be ex pressed as a function of the model parameters L, kl, k3, and k4 (Buxton et aI., 1984) as where C/t) is the plasma IIC concentration as a function of time. By simultaneously measuring the arterial plasma and tissue time/activity curves, the model parameters can be estimated by fitting the data with Eq. 10. Computer simulations showed that for typical parameter values the tissue curve is very sensitive to the value of L during con tinuous inhalation of IlC02 but insensitive to k3 and k4. From the local measured value of L, the effective tissue pH is calculated from
METHODS

Animal studies
PET measurements were made in ten dogs, and three additional dogs were used for testing for IlC02 fixation in plasma. Each animal was anesthetized with 25 mg/kg of pentobarbital, intubated, and ventilated with a Harvard model 613 respirator. A catheter was placed in the fem oral artery for blood sampling. For each animal, PET measurements of brain pH were done twice. First, the Paco2 was elevated by inhalation of 5% CO2 mixed in room air. After 15-30 min of equilibration the first set of PET measurements (35 min) were done. After 60-90 min (to allow for clearance of the tracer by decay and respira tion), the second study was started. The PaC02 was re duced by changing the inspired gas to room air and, in some cases, increasing the respiratory rate to lower the Paco2 further. The PET measurements were then re peated. Arterial samples for blood gas analysis Were drawn three times during each PET study (just before, at 10 min after the start of data collection, and at the end of the study).
PET measurements
For the PET measurements, llC02 in a concentration of 10-20 mCi/L was pumped from the cyclotron at a rate of 0.5-1.0 Llmin and added to the inspired gas. Inhala tion activity continued for 10 min, and then the supply of IlC02 was switched off. During the inhalation period, and for 25 min after the gas was cut off, sequential 30-s images were made with a Scandatronix PC-384 positron camera. Three direct planes and two cross planes were collected, but only the direct planes were used for the quantitative calculations. Slice thickness was 12 mm and in-plane resolution was 7 mm. Scatter correction was done by the method of Bergstrom et al. (1983) , and other quantitative features of the PET camera were described by Litton et al. (1984) . Data for attenuation correction of the projections was measured prior to the study with a 68Ga ring source by collecting images with and without the animal in place. At the peak of the inhalation the maximum count rate for the tomograph was �80,000 cis.
Arterial sampling
Arterial blood samples (1-1.5 ml) were drawn approxi mately every minute for the first 15 min and then every 5 min to the end of the imaging period at 35 min. The samples were centrifuged, and the plasma drawn off into pre weighed tubes. Arterial plasma activity was measured in a scintillation well-counter, cross-calibrated with the positron camera. In three dogs, blood samples to test for the presence of fixed lIC02 in the plasma (lIC in a form other than dissolved CO2 or bicarbonate ions) were also collected. Samples were divided into pairs, with one half added to closed, weighed tubes with 0.5 ml of I N NaOH to prevent any escape of the label and the other half added to 0.5 ml of 2 N HCl to drive off the llC02• The samples in HCl were uncapped and shaken to allow lIC02 to escape. The lIC concentration in these tubes was then compared to the paired sealed tubes to estimate an upper limit on the fixation of lIC in plasma. In the first two dogs, modest shaking reduced the activity to <10% of the control values, but repeated measurements indicated that more lIC02 could be removed with more vigorous shaking. For the final test, therefore, samples were drawn at 6, 8, 10, 12, 14, 20, 25 , and 30 min after the start of inhalation of llC02, and then vigorously shaken in HCl and allowed to sit open for 15-30 min. For these samples, the residual activity was 2.6% (mean of first five samples) during the inhalation period and increased to 11 % in the 30-min sample. This test indicated that binding of the label in plasma in a form other than lIC02 and HlIC03 -should not be a significant source of error during continuous inhalation of llC02, and in view of the fact that these simple tests only provide an upper limit for J Cereb Blood Flow Metabol, Vol. 7, No.6, 1987 the amount of fixation, no correction for this effect was made in the subsequent data analysis.
Data analysis
For each set of PET images, the first 20 (from t = 0 to t = 10 min) were summed to provide a high signal to noise image for choosing a region of interest (Fig. 2) . Because of the small size of the dog's brain, one region of interest covering the whole brain was selected. In order to mini mize partial volume effects at the edges of the brain, the ROI was centered on the brain and covered approxi mately one half the brain area. Using this region of in terest, a tissue time/activity curve for the brain was cal � ulated from the series of images and corrected for phys Ical decay. The data were then fit with the model (Eq. 10) using an iterative nonlinear, least-squares fitting algo rithm. First, a spline fit to the measured arterial curve was calculated to give a continuous input function. The convolution of this input function with the model expres sion was then calculated, and the best-fit values of the parameters kl, L, and k3 were calculated iteratively. For these three-parameter fits, k4 = k3 was assumed. For several of the studies k4 was included as an unknown pa rameter and fit for that as well. However, the quality of the fit was not improved, and the uncertainty in the best fit value of k4 was high because of the lack of sensitivity of this method to the value of k4 (Buxton et aI., 1984) . Previous simulation studies (Buxton et aI., 1984) indi cated that with this method the tissue concentration during the inhalation part of the curve should also be in sensitive to the value of k3. In order to study this point, the inhalation part of each curve was also fit separately, from t = 0 to t = 13 min (3 min past the peak), for just the parameters kl and L with fixed values of k3 = k4 = 0.005 min -I. For all the fits, a gauge of the quality of the fit was calculated as the residual root mean square (RMS) deviation of the tissue curve from the model curve di vided by the peak value of the tissue curve. Effective tissue pH was then calculated from the best-fit values of L using Eq. 11, with an assumed difference between arte rial and capillary pH of .06 pH units (see Discussion).
RESULTS
The results of the PET experiments are shown in Ta bles 1 and 2. For each animal the arterial param- output (Fig. 4) linear rise (Fig. 4) . The inhalation portion of the measuring for much> 35 min. In Figure 5 , the fraction of tissue llC in the fixed form is shown as a eters and the effective pHt calculated from the two-function of time based on the best-fit model paramparameter fits to the kinetic data are listed in Ta ble eters calculated from the data in Figure 3 : L = 1, and the model parameters calculated from the 0.45, k1 = 0. 14 min -I and k3 = k4 = 0. 005 min -I. PET measurements are listed in Ta ble 2.
During inhalation of "C02, the fixed compartment a RMS/Co, root mean square deviation of the model from the data divided by the peak tissue concentration. 
TIME (min)
is a negligible fraction of the total "C concentration in the tissue but then rises to 25% during washout at 35 min. The brain pH variation with Paco2 is summarized in Fig. 6 , a plot of pH I ' as determined with IlC02 and PET, as a function of log(Paco2). The data are consistent with a linear relationship (r = 0.89) with a slope of 0.45. The residual RMS deviation of the data from the regression line is 0.042 pH units. For comparison, the corresponding curve for arterial blood, with a slope of 0.86, is also shown in Figure  6 . The rate constant kl measured in these experi ments also showed a significant positive correlation with Paco2 (r = 0.69, p < 0.01).
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DISCUSSION
In this work several features of the "C02/PET method for measuring pH have been evaluated. The primary goal was to test the ability of the method to measure tissue pH changes. Although other studies have measured normal pH values (Brooks et al., 1984) , there have been no experimental tests in which pH was varied in a controlled way and PET measurements compared with other measurements of brain pH. The second goal of these studies was to test the adequacy of the kinetic model for pro viding a mathematical description of measured tissue time/activity curves and to evaluate the sig- Figure 3 . In this experiment, cyclotron output dropped unexpectedly during inhalation producing a dip in both the arterial and brain tissue curves, but the data were still well-fitted by the kinetic model, as shown by the plotted model curve. nificance of CO2 fixation for these studies. An ac curate kinetic model is a necessary prerequisite for obtaining accurate pH measurements. Previous studies (Brooks et al., 1984) examined only the in halation portion of the tissue concentration curves, which is very insensitive to the effects of fixation. This is desirable for measuring pH, but does not allow examination of the magnitude of fixation ef fects. For this reason, both the inhalation and washout of the label were measured, in order to es timate the magnitude of the errors produced by variable fixation rates.
Adequacy of the model
The kinetic model (Eq. 10) fit the measured data well, even when the form of the arterial curve dif- 3 and 4) . An unweighted least-squares fitting proce dure was used to estimate the three-model param eters L , kl , and k3. For all fits, the residual devia tions of the model from the data were <4% of the peak value. Plots of the residual deviations versus time revealed the presence of small systematic errors of a few percent, particularly in those mea surements made just after the supply of llC02 was shut off. These systematic deviations are probably due to inadequate frequency of arterial sampling during rapid changes in arterial concentration. Fur ther analysis of these deviations requires estimation of the statistical error of each measurement and weighted least-squares fitting. In view of the low magnitude of these errors, this sort of analysis was deemed unnecessary at this time. Previous computer simulations (Buxton et al. , 1984) showed that for small values of k3, the tissue curve during the inhalation period is very insensi tive to the exact value of k3. Brooks et al. (1984) found in measurements on normal volunteers that the quality of the fit did not depend on the assumed value of k3 and that for realistic values of k3 (0.001-0.01 min-I) the estimated pH depends only slightly on k3. The current data were all well-fit during the inhalation period with a two-parameter fit (L and kl ) with assumed values of k3 = k4 = 0.005 min -I. This value is consistent with both the mean value of 0.003 min -I found with the three-pa rameter fits and with an estimate of 0.006 min-I made previously (Buxton et aI., 1984) using mea sured values of fixation in rat brain from Siesjo and Thompson (1965) . With the present data, variation of k3 over the range 0.001-0.01 min-I altered the calculated pHt by only 0.01 pH units. The reason for this insensitivity to k3 is made clear in Figure 5 . During inhalation of llC02 the fixed compartment makes a negligible contribution to the measured tissue activity curve «3%) and only becomes im portant during washout of the label. In all cases, the values of Land kl estimated from a two-parameter fit to the inhalation portion of the data were essen tially the same as the values from the three-param eter fits to the entire 35 min of data. The L values differed by an average of 0.2% and the kl values differed by an average of 2%, although the scatter in the kl measurements was much higher than in the L measurements. There is thus essentially no difference between the mean values determined from the two-and three-parameter fits, and the es timates of pHt are in good agreement. Fixation of llC02 thus does not present a problem for pH mea surements; the tissue curve is very insensitive to the rate of fixation during inhalation of llC02. For most applications, a two-parameter fit to the inha lation portion of the data with assumed values for k3 and k4 will give accurate estimates of L and thus of pHt• The model parameter k 1 determines the rate of delivery of "c to the tissue, and can be expressed as kl = E ·ICBF (Buxton et ai., 1984) . ICBF is the local cerebral blood flow, and E is the local "C02 extraction fraction, the fraction that leaves the blood and enters the tissue in one pass through the capillary bed. Our measured values of kl showed a significant positive correlation with Paco2, as would be expected for a parameter that is strongly flow related (Reivich, 1964) . The measured values of kl are lower than typical CBF values. Part of this dif ference can be accounted for by the fact that the plasma activity concentration, rather than the whole blood concentration, was used in the calcu lation of k 1, and there is also evidence that E is < 1 (Laux and Raichle, 1981; Johnson et ai. , 1983) . A thorough investigation of the quantitative signifi cance of kl will require combined measurements of kl and CBF, as well as consideration of the effect of tissue inhomogeneity. However, it should be noted that this method, with continuous inhalation of "C02, is designed to maximize the sensitivity to L and not to kl .
Comparison with previously reported data
With these experiments we have attempted to test the ability of the "C02/PET method to measure changes in brain pH. Choosing a means of valida tion is complicated by the fact that the method pro duces an average measurement of an � 1 ml resolu tion element. Within this volume the different com partments (e.g., extraand intracellular) are averaged according to Eq. 7. Other methods are available for measuring pH (Roos and Boron, 1981) , and one of these methods could conceivably be used as a comparison for testing the "C02 method. However, none of the methods that could feasibly be applied in these studies measures the same quantity; microelectrodes sample primarily the extracellular space, and NMR measurements based on the chemical shifts of 3 1p spectra measure intracellular pH. Neither of these methods is di rectly comparable with the macroscopic average pH measured with I1C02 and PET. For these reasons, the method has been evaluated by pro ducing a physiological change (altered Pco2) that has been shown by many investigators to alter brain pH (Kjalquist et ai., 1969; Messeter and Siesj6, 1971; Siesj6 et ai., 1972; Lai et aI. , 1973) . The values of pHt measured with "C02 for dif-J Cereb Blood Flow Metabol. Vol. 7. No.6. 1987 ferent values of P aco2 were then compared with values in the literature.
U sing the bicarbonate-carbonic acid method in rats, Siesj6 et ai. (1972) found that when Paco2 was changed from a mean of 38.6 mm Hg to a mean of 60.8 mm Hg, the intracellular brain pH changed from 7.044 to 6.982, and the CSF pH changed from 7.396 to 7.294. If it is assumed that the extracellular pH is equal to the CSF pH, then effective pH values equivalent to these measurements can be calculated from Eq. 7. In Fig. 6 , three points cal culated from the data of Siesj6 et ai. (1972) , with an assumed extracellular water volume fraction of Ve = 0.15 and an intracellular fraction of Vi = 0.65, are plotted along with the PET measurements pre sented here. The current data and the literature data agree well, both in the absolute value of pHt and also in the relative changes with changes in Paco2. The different slopes of the curves of pH versus log(Paco2) for tissue and plasma clearly show the effects of increased buffering in the brain.
Interpretation of pHt measured with PET
With the I1C02/PET method, and with the ["C]DMO/PET method (Syrota et aI., 1983; Rot tenberg et ai., 1985) , the measured quantity of pri mary interest is L, the equilibrium partition coeffi cient of the label between tissue taken as a whole, and arterial plasma. A map of L in the brain may prove to be clinically valuable as an index of local tissue acid/base balance, or it can be converted into an effective pH (pHt) using Eq. 11. In either case, changes in the intraand/or extracellular pH will be reflected in the measured changes in L or pHt• However, because pHt is an average of two (or more) compartments with different pH values (Eq. 7), changes in the water volumes of the tissue can also lead to a change in pHt, even though the indi vidual pH values have not changed. The volume of distribution of "C02 is essentially the water volume of the tissue, which for gray matter is typically 0.77 of the total volume, with the extracellular volume �20% of the total water volume (Roos, 1965; Katzman and Pappius, 1973; O'Brien et aI., 1974; Arieff et ai., 1976; Siesj6, 1978) . Note that because the water volume is less than the tomographic ally sampled volume (Vi + Ve < 1), the effective tissue pH calculated from Eq. 7, for typical values of pHe = 7.4 and pHi = 7.05 is pHt = 7.0, less than either of the individual tissue pH values. In effect the "dead space" of the tissue (the remaining frac tional volume) appears as a volume with L = 0, and thus appears in the average as having a very low pH. pHt values measured with [llC]DMO and PET also depend on the water volume of the tissue (Syrota et aI., 1983 (Syrota et aI., , 1985 Buxton et aI., 1985) . Po tential differences in water distribution between pathological tissues and normal tissues must be carefully considered when evaluating the signifi cance of measured pH differences.
One of the assumptions of the method is that the BBB and other membranes separating the water compartments of the tissue are impermeable to bi carbonate ions. In pathological states, this may no longer hold, and the equilibrium distribution of llC would then no longer be accurately described by Eq. 3. However, permeability to bicarbonate ions will change L only if the pH values on the two sides of the barrier are unequal. Thus, in normal tissue, with extracellular pH approximately equal to plasma pH, some transport of bicarbonate ions across the BBB should not have a significant effect on L. However, a breakdown of the cellular mem brane, allowing transport of HC0 3 -into or out of the cell would have a more pronounced effect on L and could lead to errors in the estimate of pH.
A potential source of systematic error with this method is a deviation of local capillary pH from ar terial pH. Although the arterial llC concentration is the driving function of the tissue llC kinetics, the value of the equilibrium partition coefficient L de pends on the capillary plasma pH, which may differ from the arterial plasma pH because of addition of CO2 to the capillary blood as a result of aerobic me tabolism. At equilibrium, the concentration of llC in the blood will not change as it passes from arte rial to capillary to venous vessels, but the balance between llC02 and HllC0 3 -will be shifted as the pH changes. In the capillary, there will be a shift toward higher pllC02 (because the pH is lower), so the tissue will come into equilibrium with a plasma llC02 concentration slightly higher than the arterial value. In normal tissue this change in blood pH is small due to the efficient buffering by hemoglobin, but in some pathological states, the capillary pH may differ more from arterial pH. Because of the high permeability of the BBB to CO2, pathological states that involve an elevated tissue Pco2 are most likely to affect the capillary pH. If the capillary pH differs significantly from arterial pH, the ability of this method to detect tissue acidosis may be im paired; a drop in tissue pH could be masked be cause the denominator of Eq. 3 is reduced, as well as the numerator, so the change in L might be small. It is thus important to analyze this effect fur ther to judge its importance for interpreting mea sured values of L.
The potential changes in capillary pH due to local metabolism can be estimated for a simple steady state situation by assuming that each extracted molecule of O2 is used for oxidative metabolism, producing one CO2 molecule. At steady-state, the CO2 produced by O2 metabolism must be carried away by local blood flow at a rate that matches the O2 metabolic rate. The venous blood total CO2 (dis solved gas plus bicarbonate ions) must increase by an amount Ll(C02)y = E02 (02)a' where E02 is the net extraction fraction of O2 and (02)a is the arterial O2 concentration. The drop in blood pH from adding Ll(C02)y can be calculated from standard buffer curves for blood (Davenport, 1969) . Esti mating for (02)a = 9 j.lmol/ml, complete extraction of O2 (E02 = 1) would lead to a drop in venous pH of only �0.16 pH U when account is taken of the shift in the buffer curve between fully oxygenated and fully deoxygenated blood. In normal brain, with E02 = 0.4, the difference is only �0.06 pH U. This value was assumed in the present calculations.
Although pathological states may lead to significant alterations in capillary pH, the magnitude of these changes is likely to be smaller than the corre sponding changes in tissue pH, as long as there is still some local perfusion. The parameter L mea sured with IIC02 and PET should still reflect the drop in tissue pH, but the effective pH calculated from Eq. 11 will be in error by approximately the difference between capillary and arterial pH. A more detailed analysis of the effects of potential changes in pathological states, particularly the pro duction of lactate by anaerobic metabolism, is needed to understand the quantitative limits of PET measurements of tissue pH.
CONCLUSIONS
There are two major conclusions from this study: (a) The effective tissue pH measured with PET is an average of all the tissue compartments and de pends on both the pH values and the water volumes of the compartments. When proper account is taken of this averaging, the effective pH values measured with llC02 and PET agree well with pre viously reported measurements of brain pH in both magnitUde and variation following changes in Paco2• (b) Time/activity curves measured during and following continuous inhalation of IIC02 are well described by a two compartment kinetic model of the tissue with one compartment representing dis solved gas and bicarbonate ions and one compart ment representing fixed forms of the label. How ever, during the inhalation period the effects of fix ation are negligible, and the data can be fit with just two parameters, kl and L, using nominal assumed values for k3 and k4.
This method should thus be a reliable tool for in vestigating the acid/base status of the human brain.
